We used quantitative autoradiography to mea sure the regional rate constants of blood-to-brain trans port of lactate in normal rats and rats treated with kainic acid. Mean cerebral values of lactate transport rate con stants were not significantly different between the normal and treated rats, being 0.13 and 0.14 min-1 (mllg) , re spectively. Regional values were also generally similar between the groups, but structures that are known to be activated by kainic acid showed increased values in the treated rats compared with rates in the controls. Our mea sured values of lactate transport rate constants are � 50%
Recent autoradiographic studies in rats have demonstrated that although the cerebral accumula tion patterns of radiolabeled glucose (GLC) in brief ( < 10 min) experiments and deoxyglucose or tluoro deoxyglucose (DG) in longer (30-45 min) experi ments are similar under normal conditions, signifi cant discordances occur with activation (Lear and Ackermann, 1988; Ackermann and Lear, 1989) . In particular, DG-derived radiolabel accumulation is much greater than that of GLC-derived radiolabel in stimulated regions of the brain. This phenomenon was interpreted by Ackermann and Lear (1989) as follows: (a) Radiolabel from DG accumulates as DG-6-phosphate in proportion to total glucose me tabolism (Sokoloff et aI., 1977) , (b) Under oxidative conditions, the radiolabel from 6-GLC is largely re tained in Krebs cycle-related intermediate metabo-as great as those published for glucose, indicating that blood-brain transfer of lactate can be significant. This observation supports the hypothesis that radiolabel de rived from glucose can leave the brain as radiolabeled lactate in conditions in which intracerebral lactate con centration rises, a hypothesis that has previously been presented to explain differences between rates of accu mulation of radiolabel derived from deoxyglucose and glucose in such conditions. Key Words: Lactate Glycolysis-Transport-Autoradiography. lite pools during brief experiments, and therefore accumulates in proportion to metabolism (Hawkins et aI., 1985) , (c) Activation increases the rate of glycolysis out of proportion to the rate of oxidation, and (d) With glycolysis, a significant fraction of GLC-derived radiolabel is lost through efflux of gly colysis-produced lactate out of the brain, even in brief experiments.
A model was developed that used the difference between cerebral DG-and GLC-derived radiolabel concentrations to estimate the relative rates of gly colysis and oxidation (Ackermann and Lear, 1989) .
Where GMo is oxidative glucose metabolism, GMg is glycolytic glucose metabolism, Frl is fraction of radiolabeled lactate produced by glycolysis during the study that remains in the brain at the end of the study, LCMRglc(DG) is LCMRglc estimate derived from DG-derived radiolabel accumulation, and LCMRglc(GLC) is LCMRglc estimate derived from GLC-derived radiolabel accumulation.
Although the model explained differences in the patterns of radiolabel derived from DG and GLC, the assumed rate constant of lactate transport was found to significantly affect the calculated fraction of retained lactate, which in turn strongly affected calculations of glycolytic metabolic rates (Eq. 1). This is a major concern, because reported values of normal lactate transport rate constants vary widely, ranging from very small (Plum and Posner, 1967; Zimmer and Lang, 1975) to as great as 50% those of glucose (Oldendorf et a!., 1979) . However, most of these literature values are based on nonautoradio graphic methods or from species other than rats, so the applicability of any particular value to the DG GLC model is unclear. We therefore used autora diography in rats to better determine the regional rate constants of lactate transport under normal and activated conditions.
METHODS
The four control rats and four rats that had been given intraperitoneal injections of 10 mg/kg of kainic acid were anesthetized lightly with halothane, and femoral and ar terial venous catheters were placed. One hundred micro curies of )4C(d,l) lactate was then administered in 30--40-s intravenous infusions. Arterial blood samples were ob tained every 3 s during the tracer infusions and plasma was rapidly separated from the whole blood. The rats were killed by KCl administration at the end of the infu sions, and the brains were rapidly removed and frozen in a mixture of I-bromobutane and 2-methybutane chilled to -70°C. The brains were then cut into 20-fLm sections, placed on cover slips, dried on a 60°C hot plate, and placed against NMC film for 10--20 days along with cali brated )4C standards. Resulting autoradiograms were dig itized and converted into images of tracer concentration. They were then corrected for residual tracer within the vasculature (Gjedde and Diemer, 1985; Lear et al., 1990) and images of tissue radio labeled lactate concentration were generated.
Blood-to-brain transport rate constants (K) were esti mated from the following kinetic model, a modification of the method described by Gjedde (1980) .
Where K) is blood-to-brain transport rate constant of lac tate, k2 is brain-to-blood transport rate constant of lac tate, Cp is plasma concentration of lactate, and Cb is brain concentration of lactate. The tracer concentration images were converted into transport rate constant images on a pixel-by-pixel basis by using the above model together with the measured Cp values. The transport rate constant images (units of min -1 ml/g) were then analyzed by his togram and region-of-interest analysis.
RESULTS
In the normal rats, transport rate constant values were fairly homogeneous, having only a 32% range (±2 SD) within gray matter structures (Table 1 and Mean values of K 1 were 0.13 min -1 (ml/g) for the normal animals and 0.14 min -1 (ml/g) for the kainic acid-treated animals. Values for most structures were not significantly different between the groups. However, a significant difference occurred in the dorsal hippocampus, with transport rate constants being elevated by 30% in the kainic acid-treated an imals compared with control values.
DISCUSSION
The metabolic model developed by Ackermann and Lear (1989) proposed that the difference be tween the rates of FDG-and GLC-derived radiola bel accumulation in activated cerebral structures could be largely explained by stimulation-induced glycolysis. The model relies on two critical hypoth eses. First, cerebral activation must lead to in creased cerebral lactate production. Second, the rate of lactate transport must be great enough so that significant amounts of the radiolabel derived from the GLC can leave the brain as radiolabeled lactate.
Increased lactate production with cerebral activation
Cerebral activation increases the rate of substrate oxidation, which would tend to remove lactate by metabolism through Krebs cycle. However, many studies have shown that cerebral activation in creases rather than decreases regional cerebral lac tate concentration (Richter and Dawson, 1948; Cre mer and Seville, 1985; Petroff et a!., 1986; Hossman and Linn, 1987; Prichard et a!., 1987; Vink et a!., 1987; Kuhr and Korf, 1988a,b; Pulsinelli and Kraig, 1988; Ueki et a!., 1988; Andersen and Marmarou, 1989; Barrere et a!., 1989; Alger et a!., 1989) . There fore, activation apparently increases the rate of lac- tate production; in other words, the first hypothesis is most likely true.
Significance of cerebral lactate efflux
Our mean value of 0.13 min -J (ml/g) for the rate constant of blood-to-brain lactate transport is fairly high, being approximately 50% of values reported for glucose under similar conditions, e.g., 0.28 min -I (ml/g) (Pollay and Stevens, 1979) , 0.21 min-I (mllg) (Gjedde et aI., 1980) , 0.21 min-J (ml/g) (Hawkins et aI., 1983) , 0.26 min -J (mIlg) (Gjedde and Diemer, 1985) , and 0.19 min-J (mIlg) (Fuglsang et aI., 1986) . Therefore, if this value is accurate and if k2 is nearly equal to K I ' then the second hypoth esis, that lactate efflux from the brain can be signif icant, is supported. Vol. 11, No.4, 1991 Because of the importance of the second hypoth esis, it is important to consider sources of error in our KJ values and sources of error in our estimation of k2 values from the KI values. Any factors that could cause a gross overestimation of brain to-blood transport rates would be particularly im portant because they would tend to invalidate the second hypothesis. For this reason, our approach was designed to yield conservative values of lactate transport rates.
We used (d,{) lactate in our studies, whereas lac tate occurs naturally in the ({) form. The portion of the cerebral transport of lactate that is carrier me diated has been shown to be stereospecific, with (d) lactate having only one-third the rate of transport of ({) lactate (Nemoto and Severinghaus, 1974) . Thus, our results could underestimate the rate of in vivo lactate transport by up to 33% in conditions in which diffusion is less significant than carrier mediated transport. In conditions in which diffusion becomes relatively more important, i.e., at high concentrations of lactate under which the carriers become saturated, this error would decrease in magnitude.
In our method, we more directly measured the value of K J (rate constant of blood-to-brain trans port) than the value needed in the metabolic model, k2 (rate constant of brain-to-blood transport). We then assumed that K J and k2 were approximately equal in magnitude and that measured values of K I would therefore reflect k2. This process is obviously central in our approach and must be examined crit ically.
We assumed that the single tissue compartment model described by Gjedde (1980) and many others could be used to estimate K 1 • Recently, alternative approaches have been suggested with additional compartments (Knudsen et aI., 1990) . Using amino acid transport measurements, they demonstrated that the single compartment model could lead to underestimation of rate constants by �20% or greater in some cases. Therefore, if their model is correct and if it applies to lactate as well as amino acids, then our KJ values might be somewhat too low.
The assumption of a fixed relationship between K 1 and k2 has an impact on our conclusions in two ways. First, the assumption can affect the calcula tion of K J values using Eq. 5. The model proposed by Gjedde (1980) for estimating unidirectional sub strate transport rates assumed that net brain to-blood tracer transport was negligible; i.e., k2 or Cb could be set equal to 0 in Eq. 3. He used 20-s tracer infusions, and the concentration of tracer in the brain at the end of the 20 s was so small in comparison to the plasma concentration as to be insignificant. To avoid sampling-time errors, we used slightly longer durations of infusions, 30-40 s, and therefore included the factor for brain-to-blood transport in the differential equation (Eq. 3). How ever, in all animals the terminal ratio of radio labeled lactate concentration in the brain divided by that in the plasma was <0.1, so the effect of this modifica tion is minimal. In fact, calculated values of K I based on k2 = KI compared with those based on k2 = 0 differ by less than 10%.
Second, the assumption that KI = k2 obviously affects the values of k2 derived from calculated val ues of KI• In examining this assumption, differences between what determines K I versus k2 values should be critically considered. Transport of lactate is bidirectional and passive, so there is no energy dependent factor to cause KI and k2 to differ (Old endorf, 1971 (Old endorf, -1972 1973) . However, it is in part car rier mediated, so if lactate concentrations in other experimental conditions of interest are different from the conditions in our studies, then Michaelis Menten effects could occur. In particular, the trans port rate constant will decrease when lactate con centration increases and carriers become saturated. In fact, Cremer et al. (1979) have demonstrated an approximately 50% decrease in the rate constant with the high value of lactate concentration that can occur with pronounced cerebral activation. This po tential error in our transport rate constant values is in part counteracted by the difference between the rates of (d,1) versus (I) lactate transport. Also, we found that activation increased the rate constants of lactate transport compared with baseline condi tions. Nevertheless, our estimates of brain-to-blood lactate transport could be somewhat too high for certain conditions. K I reflects local CBF (LCBF) as well as trans port, so that if LCBF is too low compared with transport, then K I values would be influenced by LCBF. However, even in low-flow white matter structures, LCBF [units of min -I (ml/g)] is high compared with the estimated KI value of lactate, 0.4 compared with 0.1, respectively. Thus, lactate KI values are primarily determined by the rate of trans port, as are the k2 values.
Other than LCBF and Michaelis-Menten effects, the only significant difference between KI and k2 values would arise from the difference in the effec tive sizes of the lactate distribution spaces between the plasma and the brain. Assuming that the single brain-tissue compartment approach to kinetic mod eling (Gjedde, 1980) is applicable to lactate, then this difference would reflect only the different water fractions of plasma versus brain tissue. The brain tissue has � 15% less water space than the plasma, a small difference. Again, this difference would lead to slight underestimation of brain-to-blood lactate transport rate constants derived from measured blood-to-brain rate constants.
Overall implications
We conclude, therefore, that calculated values of blood-to-brain lactate transport rate constants can be reasonably used to estimate the rate constants of brain-to-blood transport. If we assume a normal value of 0.14 for k2 of lactate, then under conditions in which intracerebral lactate levels are near nor mal, lactate produced in excess of oxidative re quirements should leave the brain at a rate of 14% per minute of its cerebral concentration. As intra cerebral lactate concentration rises and carrier sat uration becomes important, this fractional rate of loss will decrease somewhat. Based on results from the studies of Cremer et al. (1979) in which the ef fects of increasing lactate concentration on trans port rate constants were measured, a drop from 14% to � 10% per minute could occur. Although actual brain-to-blood rate constants could vary somewhat from these estimated values for reasons described previously, there is no obvious reason to suggest that they would become much smaller.
How does this range of rate constant values im pact on the G LC-DG model? A k2 value of 0.14 results in a calculation that 50% of the glycolytically produced lactate will have left the brain by 10 min, and a value of 0.10 leads to a calculated loss of �35%. Ackermann and Lear's (1989) proposal, i.e., that lactate efflux from the brain under activated conditions could be significant, is therefore sup ported by this study.
Of course, lactate transport rates for other spe cies could differ, but in fact, values similar to ours can be calculated from arterial-venous sampling data in humans (Gibbs et al., 1942; Himwich and Himwich, 1946) , the other species besides rats used in most studies of cerebral glucose metabolism. Their data indicate that � 10% of the glucose that is extracted by the brain under normal conditions is subsequently lost through lactate efflux. This cor responds to a k2 value of �0.15. Recent human studies using II C-glucose have demonstrated the presence of a radiolabeled acidic metabolite, pre sumably lactate, in the cerebral venous blood al most immediately after radiolabeled glucose admin istration. The metabolite accounted for significantly more of the radiolabel lost from the brain than did radiolabeled CO2 early in the experiments, e.g., through 20 min (Blomqvist et al., 1990) . Using dogs, Nemoto et al. (1974) found brain lactate extraction 1. L. LEAR AND R. K. KASLIWAL rates of approximately 10% based on plasma-CSF concentration levels, which corresponds to a K\ value of approximately 0.15. Although much lower values of lactate transport also have been reported for dogs (Plum and Posner, 1967; Zimmer and Lang, 1975) , they may have been in part caused by exper imental problems associated with the isolated brain preparations used in their studies.
